As a ubiquitous metal, aluminium was not considered to be a toxic element until the mid-1970s. 1 It is now believed that aluminium solubilized in acids is toxic to many plants because of its effect on the surface of roots. Much evidence also shows that an abnormal level of Al(III) in the body of patients with chronic renal failure 2 could induce pathological states, such as: encephalopathy, osteomalacia and anaemia. More controversially, Al(III) also appears to play a role in the etiology of neurological disorders, such as Alzheimer's 3 disease and amyotrophic lateral sclerosis. 4 Literature 5,6 dealing with the interaction of Al(III) with biological systems suggests that understanding the cellular and molecular bases of Al(III) toxicity is still an open question which scientists with different backgrounds are attempting to answer. Some hypotheses concerning the molecular bases were summed up in Kiss' review. 7 Within the framework of all these hypotheses, there exists a viewpoint that Al(III) has great affinity for phosphate ligating sites. Although some researchers have supposed that Al 3+ should bind to DNA in the cell nucleus, Martin predicted in his account 8 that in the nuclear chromatin Al 3+ should not be bound to DNA, but to ATP or other comparable ligating sites in the presence of ATP. Therefore, reliable methods for qualitative and quantitative investigations of the interaction between Al(III) and DNA under physiological conditions still require developing.
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Champion 9 et al. reported structural transitions in sequencespecific oligomers caused by Al at high concentrations according to an alteration of the bands of the circulars dichroism (CD) spectra of the oligomers.
In the present work, electrochemical and UV spectroscopic methods were employed, for the first time, to probe an interaction between Al(III) and calf thymus DNA under neutral pH conditions using [Co(phen) 3] 3+/2+ as an indicator. Our objective was to bring forward a simple and reliable method to elucidate whether Al(III) has an effect on DNA or not. Further study under the mimic intra-cellular conditions will be of more biological significance. We believe that, an investigation of the interaction between Al(III) and DNA will surely be beneficial to clearly elucidate the cellular and molecular bases of Al(III) toxicity.
Experimental

Materials
Calf thymus DNA (CT DNA), obtained from Sino-American Biotechnical Company, was dissolved in doubly distilled and sterilized water without further purification, since the purity was sufficiently high, as determined by optical measurements (OD260/OD280 > 1.8). DNA segments with different strand lengths were obtained by sonication, and the concentration of the stock solution of DNA (in base pair, ca. 4 mM) was determined by UV absorbance at 260 nm.
Tris(1,10-phenanthroline)cobalt(II) chloride (Co(phen)3Cl2·8H2O) was prepared as previously reported. 10 Adriamycin hydrochloride (ADM·HCl, 98%, obtained from Haizheng Pharmaceutical Co., China) was directly dissolved in water at a concentration of 5 mM and stored at 4˚C. A 10 mM Al(NO3)3 solution was prepared as a stock solution. Also, a 5 mM Tris-HCl buffer solution, pH 7.1, containing 10 mM NaCl was employed during all experiments. According to the thermodynamic results predicted by Corain 11 
Procedures
The UV spectra were obtained at room temperature with a SHIMADZU UV-160A spectrophotometer (path length, 1 cm). The spectra shown in this paper were recorded after 10 min of equilibrium.
Voltammetric measurements were performed with an HPD-IA type potentiostat (State-Owned Yanbian Yongheng Electrochemical Instrument Factory, China) and a YEW-3086 x-y recorder (Sichuan Instrument Factory No. 4, China). A three-compartment cell was used for the experiments. A cleaned bare gold electrode or ds-DNA/Au electrode with a microscopic area of about 1.017 cm 2 served as the working electrode, a platinum wire as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode. The preparation procedure for the ds-DNA/Au electrode was as described in our previous report. 12 All solutions were aerated with highly pure nitrogen, and experiments were carried out at room temperature. All reported potentials are against the SCE.
Results and Discussion
Effect of Al(III) on the UV spectra of DNA Curve a in Fig. 1 shows the UV spectrum of DNA, which displays a characteristic absorption band at 259 nm. Very weak variation in the intensity of the absorption and the wavelength of the characteristic band could be observed with increasing amounts of Al(III) addition into the solution at a concentration ratio, Al(III):DNA (in base pair), of 0.5, 1, 2, 2.6, 3.5, 4.4 and 7.5, respectively. Curve b depicts the UV difference spectrum of DNA/Al(III) system at an R of 7.5, subtracting the corresponding Al(III) solution. It is understandable that a simple inorganic metal ion, which does not bind to the bases of DNA, will not markedly affect the electron transition of the bases of DNA, which is just the reason that the interaction between DNA and Al(III) cannot be investigated directly by UV spectroscopy.
Effect of Al(III) on the UV spectra of DNA in the presence of [Co(phen)3] 2+
Since it is impossible to investigate the interaction between Al(III) and DNA directly by UV spectroscopy, we wonder whether it is effectual through a competitive interaction between Al(III) and a selected indicator for DNA molecules. Adriamycin (ADM), one of the DNA-targeted anticancer drugs, is known to intercalate between DNA bases. 13 Therefore, prior to the other experiments, the effect of Al(III) on the absorption spectra of ADM in the presence of DNA was first investigated.
As curve a and curve b in Fig. 2 show, the absorption spectra of ADM in the presence of CT DNA, CADM:CDNA =1:10, has a strong hypochromic effect of 35.7% together with a strong red shift of 29 nm for the maximum absorption point (from 480 nm to 509 nm), which is due to intercalation of the chromophore into DNA bases. After the addition of increasing amounts of Al(III) to the ADM solution in the presence of CT DNA, as shown by curve c, there is almost no change in the intensity and the maximum absorption point for the absorption spectra of ADM, which implies two possibilities: (1) Al(III) does not interact with DNA molecules under the experimental conditions; (2) Al(III) binds to DNA, but the binding site is not the same as that for ADM; that is to say, it is not on the bases. Therefore, there is no competitive interaction between Al(III) and ADM, both of them bind to DNA, ADM will not be repulsed and departs from the bases on DNA.
On the contrary, the experiments with [Co(phen)3] 2+ as an indicator show diverse results (A previous study 12 2+ which has already bound to DNA backbones, and results in a restoration of the intensity and shape of the absorption spectrum of CT DNA. As is already known from Fig. 1 , Al(III) bound to DNA chains will not dramatically affect the intensity and the maximum wavelength of the characteristic band of DNA.
From the above results, primary information about the binding of Al(III) to DNA can be concluded below. Al(III) is able to bind to DNA under the conditions used, and the binding site should not be the bases of DNA, but the same as that for 762 ANALYTICAL SCIENCES JULY 2002, VOL. 18 [Co(phen)3] 2+ bound nonspecifically and electrostatically on DNA. It seems that the binding strength should be stronger than that for [Co(phen) 3] 2+ to DNA. The following experiments were carried out to obtain further information on this binding. /DNA system at a mixing ratio of 5.5 of DNA to [Co(phen)3] 2+ deducted with DNA. As shown, in the presence of DNA, both the longwavelength and the short-wavelength absorption bands underwent hypochromicity of 21.6% and 15.3%, respectively, whereas almost no variation in their position could be detected, suggesting that there is no change in the level of electron transition for phen moiety and no interaction of the moiety with the base pairs through intercalation or minor-groove binding. 16 Considering our previous work in DNA electrochemistry, 12 within the range of the ionic strength used, [Co(phen)] 2+ binds to the phosphate backbone of CT DNA via a non-specific and relatively weak electrostatic interaction. It can be seen from the inset in Fig. 4 that no changes in the intensity and position of the band at 269 nm occurred with increasing amounts of Al(III) addition into [Co(phen)3] 2+ solution in the absence of DNA. Therefore, the hypsochromicity of the band at 269 nm, shown by curve c in Fig. 4 , implies that [Co(phen)3] 2+ molecules bound on DNA backbones were replaced by Al(III) and departed from DNA to be free again. Also, the excess Al(III) could not further affect the absorbance of the band at 269 nm, as shown by curve d in Fig. 4 . These results indicate not only the same binding site for Al(III) as that for [Co(phen)3] 2+ bound non-specifically and electrostatically on the backbone of CT DNA, but also the favored Al(III) binding to DNA. Moreover, different from cationic [Co(phen)3] 2+ , which binds to DNA mainly via a nonspecific, electrostatic and reversible physical interaction, the nature of the binding of anionic Al(OH)4 -to the phosphate group is chemical. Therefore, by using [Co(phen)3] 2+ as an indicator, the ultraviolet spectrum was used to probe the interaction between Al(III) and DNA under neutral pH conditions; the binding site of Al(III) on DNA was probed and shown to be the phosphate backbone, but not the bases. Similarly, Al(III) is an electroinactive ion, which makes it impossible to investigate the interaction between Al(III) and DNA directly by an electrochemical method. Here, also by using [Co(phen)3] 2+ as an electro-active indicator, an electrochemical method can be used to investigate the interaction between Al(III) and DNA. 3+/2+ decreased to 63.2% of that in the absence of DNA (from 3.8 µA down to 2.4 µA), which is attributed to slow diffusion of the metal complex bound to large and slowly diffusing DNA. 17 The formal potential, E˚′, negatively shifted by 19 mV (from 0.144 V to 0.125 V), which is characteristic of the non-specific and electrostatic binding of [Co(phen)3] 3+/2+ to the phosphate backbone of DNA. 12, 17 After the addition of Al(III) to the above system in the presence of DNA, no obvious variation in 3+/2+ bound electrostatically and non-specifically onto the deoxyribose backbone of DNA. It could therefore be excluded that the changes in Ipc and E˚′ for curve c are due to a change in the binding mode (from electrostatic to intercalative) arising from a change in the ionic strength of the system (caused by the introduction of Al(III)). As discussed above in the spectrum section, the restoration in Ipc and the positive shift in E˚′ shown by curve c should be caused by the release of [Co(phen)3] 3+/2+ from large and slowly diffusing DNA molecules due to expulsion by Al(III), which took the same sites for binding as did [Co(phen)3] 3+/2+ . As for the unchanged Ipc at the initial stage of Al(III) addition into the system, which can be 763 ANALYTICAL SCIENCES JULY 2002, VOL. 18 (our previous work 18 has shown that almost no CV response of Co 3+/2+ at such a low concentration could be obtained at gold electrodes, but which is not the case for Co 3+/2+ coordinated with phen ligand), or due to Al(III) adsorption at the bare gold electrode (non-specific binding to the electrode). This resulted in a decrease of the redox active sites on the electrode, but the latter case can be excluded from the result shown by Fig. 6(B) . For a comparison, Fig. 6(B) depicts the CV response of ADM in the absence (curve a) and presence of Al(III) (curves b and c), respectively. The inset shows that Ipa for ADM was directly proportional to v, which is the characteristic of a surface process. It can be seen that there is almost no change in Ip and E˚′, especially in Q with increasing amounts of Al(III) added into the system, indicating that Al(III) did not adsorb at the electrode and the redox active sites on the electrode were not decreased. The above results confirm that there really exists an interaction between Al(III) and [Co(phen)3] 3+/2+ , which will result in a destruction of the coordination of Co 3+/2+ with phen ligands, though the speed and strength are weaker than that for Al(III) binding to DNA. Therefore, only when all of the binding sites on DNA were occupied by Al(III), could the excess Al(III) further interact with the free [Co(phen)3] 3+/2+ molecules in solution and influence the CV response, which is just the case shown in Fig. 5 . 3+/2+ in both the absence and presence of an insufficient amount of DNA, together with the change in Ipc upon an increasing amount of Al(III) addition into the solution (in the presence of DNA) due to the interaction between Al(III) and DNA, is clearly shown in Fig. 7(B) .
Effect of Al(III) on the UV spectra of [Co(phen)3]
Effect of Al(III) on the CV response of [Co(phen)3] 3+
Studies on the reversibility of Al(III) binding to DNA
The binding site for Al(III) to DNA has been measured to be on the phosphate backbone of DNA, as discussed above; a heterogeneous electrochemical experiment performed on a ds-DNA/Au electrode was chosen to further elucidate the reversibility of this binding. As shown by curve a and curve b in Fig. 8 , Ipc for 1 × 10 -5 M [Co(phen)3] 3+/2+ at the ds-DNA/Au electrode is markedly larger than that at the bare gold electrode due to "the surface amplification effect" of ds-DNA/Au arising from an interaction between the surface-bound DNA and the . However, no matter what treatment was done for the ds-DNA/Au electrode (rinsed with a great deal of water, soaked in 1 M NaCl or in diluted acetic buffer or sodium hydroxide solution followed by rinsing with a great deal of water), the CV response of the ds-DNA/Au electrode in a fresh [Co(phen)3] 3+/2+ solution could not restore to the level of curve b in Fig. 8 (the curve of which is not shown), even though the concentration of Al(III) used was only 10 -7 M. This result suggests that the binding of Al(III) to DNA is irreversible and chemical in nature, different from the electrostatic and reversible physical interactions of [Co(phen)3] 3+/2+ with DNA. Also, it is understandable that the irreversible and strong binding of Al(III) to DNA could influence the interaction of other bioactive inorganic ions or molecules with DNA, which might further influence the replication and translation processes of DNA, or result in DNA damage due to inefficacious regulation of some molecules in cells.
Additionally, although the exact speciation of Al(III) is complicated under different conditions, we primarily probed the effect of the speciation of Al(III) on the reversibility of Al(III) binding to DNA by changing the pH conditions and the ratio of the coexisting [Al(OH)n] (3-n)+ to [Al(AC)m] (3-m)+ in the solution. We also found that the reversibility of Al(III) binding to DNA will be increased when the content of Al(OH)4 -in the solution is decreased, suggesting that the toxicity of Al(III) is intensively dependent on the speciaton of Al(III). Therefore, further study under mimic intra-cellular conditions would be of significantly biological importance. 
Conclusion
Ultraviolet spectroscopy and an electrochemical method using [Co(phen)3] 3+/2+ as indicator were proved, for the first time, to be able to be used as a tool for studying the interaction between Al(III) and DNA. The results show that, under neutral pH conditions, although the binding site of DNA backbones for Al(III) is the phosphate group, the same as that for [Co(phen)3] 3+/2+ bound non-specifically and electrostatically to DNA, the binding strength for the former case is obviously stronger than that for the latter case due to their different nature. When coexisting, Al(III) will bind to DNA more favorably, though it seems that there also exists some kind of interaction between Al(III) and [Co(phen)3] 3+/2+ .
Additionally, the reversibility of Al(III) binding to DNA is intensively dependent on the speciation of Al(III). Further study under mimic intracellular conditions will be more helpful to understanding the biological significance of Al(III).
